Ultra-bright, ultra-broadband hard x-ray driven by laser-produced energetic electron beams We propose a new method of obtaining a compact ultra-bright, ultra-broadband hard X-ray source. This X-ray source has a high peak brightness in the order of 10 22 photons/(s mm 2 mrad 2 0.1\%BW), an ultrashort duration (10 fs), and a broadband spectrum (flat distribution from 0.1 MeV to 4 MeV), and thus has wide-ranging potential applications, such as in ultrafast Laue diffraction experiments. In our scheme, laser-plasma accelerators (LPAs) provide driven electron beams. A foil target is placed oblique to the beam direction so that the target normal sheath field (TNSF) is used to provide a bending force. Using this TNSF-kick scheme, we can fully utilize the advantages of current LPAs, including their high charge, high energy, and low emittance. V C 2013 AIP Publishing LLC.
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I. INTRODUCTION
High-energy photons with high brightness and short pulse duration from affordable tabletop systems have wideranging applications, 1 including biomedical imaging, 2 timeresolved molecular dynamics, 3 and non-destructive material inspection. 4 Driven by electron beams from conventional accelerators, current X-ray sources such as synchrotron, X-ray free electron laser (XFEL), Bremsstrahlung, and Thomson scattering provide lights with different spectra, brightness, or coherence.
1,5
For example, as one of the four largest synchrotron radiation facilities, SPring-8 uses an 8 GeV electron beam to produce synchrotron radiation with energies ranging from soft X-ray (300 eV) to hard X-ray (300 keV). 1 The peak brightness at 100 keV can reach the order of 10 24 photons/(s mm 2 mrad 2 0.1\%BW) but drops to 10 20 photons/(s mm 2 mrad 2 0.1\%BW) at 300 keV.
1 To extend the photon energy to MeV, electron beams of higher energy are needed because of the limits of magnitude (order of 1 T) and period (order of 1 cm) of the bending magnetic field for synchrotron and free electron laser. Compton backscattering is another approach to obtain hard X-ray. The required energy of the driven electron beams in Compton backscattering is not very high according to the double Doppler shift hx x ¼ 4c 2 hx 0 . For example, the electron energy is approximately 205 MeV to obtain 1 MeV hard X-ray using an 800 nm laser pulse. Given that the radiation angle is proportional to 1=c (where c is the relativistic factor of the electron) and if normalized emittance of the electron beam is maintained for different beam energies, an electron beam of low energy used for Compton backscattering may result in large radiation angle and low brightness. Recently, Chen et al. proved experimentally a MeV-energy X-ray source with a peak brightness of 10 19 photons/(s mm 2 mrad 2 0.1\%BW) using Compton backscattering with laser-wakefield accelerated electrons. 6 Meanwhile, the betatron radiation brightness in a bubble can reach the order of 10 23 photons/(s mm 2 mrad 2 0.1\%BW) in spectra between 20 and 150 KeV and drops nearly two orders in spectra between 1 and 7 MeV. This study proposed a new scheme of generating an ultra-brightness, ultra-broadband hard X-ray source that uses a target normal sheath field (TNSF) as the bending field. We call this scheme TNSF kick. Considering that the bending field is static, the low emittance and small radiation angle 1=c can be exploited using highly energetic beams. TNSF is an ultra-intense electrostatic field (can reach the order 10 12 V/m) created by space charge separation when an intense laser pulse drives the hot electrons to the rear surface of the target foil, which is usually used to accelerate protons. 8, 9 The photon energy can be easily extended to the range of hard X-ray or even gamma-ray because this field is much stronger than the conventional magnetic field used for synchrotron and XFEL. Although TNSF is always perpendicular to the foil plane, the target foil in our scheme is placed oblique to the beam direction (Fig. 1) to provide a transverse static ultraintense bending force to the electron beams and to give a powerful kick. Based on the combination of low divergence, broadband spectrum of radiation for a single energetic electron, and low emittance of a femtosecond (fs) electron beam, the TNSF kick can radiate an fs hard X-ray pulse with high peak brightness and broadband spectrum. This source may have wide-ranging applications. For example, ultrafast Laue diffraction experiments may exploit the broadband X-ray spectrum. 10 Broadband X-ray beam diffraction patterns are sensitive to microstructure. 4 Maaß et al. 11 demonstrated the detailed dynamics of deforming micropillars using real-time resolved white-beam Laue microdiffraction.
The electron beams used in our scheme can be produced by laser-plasma accelerators (LPAs). This method can be a tabletop X-ray source. Current LPAs can provide a beam a) Electronic mail: bfshen@mail.shcnc.ac.cn. with energy greater than 2 GeV. 12 For these electron beams, the divergence angle is only few milliradians, source size is few micrometers. The normalized emittance is comparable to that obtained in conventional high-brightness linacs. 13 However, the energy spread of beams from LPAs is still too large for many applications, such as XFEL and other monoenergetic X-ray beam sources. This large energy spread is not a disadvantage to our scheme because we want to produce a flat, ultra-broadband X-ray spectrum. Various kinds of high-brightness and compact ultrashort X-ray sources based on an LPA beam have been studied both experimentally and theoretically. Such sources include Compton backscattering, 10, 14, 15 synchrotron radiation, 16 ,17 betatron radiation, 7, 18 XFEL, 19 and Bremsstrahlung radiation. 20 These sources all have their advantages and disadvantages. The succeeding discussions take as an example a currently available LPA electron beam of high charge (320 pC), high energy spread (expanding from 0.85 GeV to 1.15 GeV), and low normalized emittance (p mm mrad). We show that an intense fs broadband X-ray with brightness in the order of 10 22 photons/(s mm 2 mrad 2 0.1\%BW) and a flat band from 0.1 MeV to 4 MeV can be determined.
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II. TRAJECTORY AND RADIATION OF SINGLE ELECTRON
First, we calculate the trajectory of a single energetic electron propagating through a supposed TNSF model, the radiation spectrum of this electron. In our scheme ( Fig. 1) , laser pulse 1 drives a laser wakefield acceleration to provide an energetic electron beam, and laser pulse 2 drives a TNSF to transversely kick the electron beam. The observed plane is in the far field, where X-ray spectra are calculated. To understand the electron trajectory and its radiation spectrum, a simple TNSF model is used (inset of Fig. 2) , where E m ¼ 1:0 Â 10 12 V/m, x 2 ¼ 1:0 Â 10 À6 m, and x 1 ¼ 0:1x 2 . To show that these parameters are reasonable, Fig. 2 presents a twodimensional (2D) particle-in-cell (PIC) simulation result. The laser pulse parameters in the simulation are as follows: pulse duration, 26.7 fs (FWHM); transverse diameter, 8lm; laser wavelength, 0.8lm; and peak normalized amplitude of the vector potential, a ¼ 2.2, which corresponds to an intensity of 1:0 Â 10 19 W/cm 2 . The plasma density is set to 5 n c (n c is the critical density) and the foil thickness is 0.8lm.
The equations of electron movement in the aforementioned TNSF model are as follows:
The E field is shown in the inset of Fig. 2 . The solution of the previously mentioned equations can be written as
where
, and
Based on Eqs. (2) and (3), the electron trajectory can be calculated. As an approximation, we provide the expressions of velocity under a small deviation relative to a purely numerical solution,
The approximation can be used in spectrum calculation mainly because the trajectory is sufficiently smooth within the entire kick process in this study. 21 Spectrum calculations based on pure numerical trajectory are also carried out to prove the accuracy of the approximation.
For extremely high photon energies and radiation from a beam, spectrum calculations may be costly if the Lienard-Wiechert potentials are directly integrated numerically, This study uses a mixed analytic and numerical method as proposed by Thomas et al. 23 to calculate the radiation spectrum. The endpoint effects are properly included. 21 We use an electron of energy 1 GeV and an incident angle a ¼ p=18 as an example. Fig. 3 shows the angularly resolved spectra of a single electron in the lines that are parallel and perpendicular to the plane of electron motion. As shown in the figure, the radiation spectra of the single electron are of a broad frequency band, very different from the spectra of the periodic trajectory in conventional undulator and Compton backscattering. This difference is partly due to the non-coherent superposition during half oscillation in the TNSF kick instead of periodic oscillations in the undulator, 22 leading to a continuous spectrum. On the other hand, the spectrum is expanded to a high critical frequency because of the strong TNSF. The broadband spectrum of the TNSF kick approach is similar to wiggler and synchrotron radiation. Regarding Compton scattering, radiation energy is mainly concentrated on the first several odd harmonics of the laser frequency according to the double Doppler shift formula in nonlinear Compton backscattering theory. 24 The broadband characteristic in the TNSF kick provides an ultra-broadband hard X-ray source, which will be presented later. Fig. 4 clearly shows the solid angle distribution of photons with different energies. In this figure, the radiation energy is mainly concentrated in a small solid angle h $ (À3.2, 0) mrad and / $ (À0.7, 0.7) mrad for a wide range of photon energy because of the high energy of electrons. We perform calculations for the electric field of a steep rising edge close to the PIC result. This steep rising edge minimally contributes to radiation because of the limited radiation time (not shown).
Similar to the undulator and wiggler, the dimensionless parameter K ¼ c 0 w can be defined for the TNSF kick. 22, 25 Here, w is the maximum angle of the trajectory and c 0 is the initial relativistic factor of the electron. The angle can be explicitly derived from the trajectory w ¼ ðe=2mc
2 Þðx 1 þ x 2 ÞE m cot a=c 0 . In our case, E m ¼ 1:0 Â 10 12 V/m, x 2 ¼ 1:0 Â10 À6 m, x 1 ¼ 0:1x 2 , a ¼ p=18; and c 0 ¼ 1957, then w ¼ 3 mrad and 1=c 0 ¼ 0:5 mrad, which agree with the divergence angle in parallel ½h $ ðÀ3:2; 0Þ mrad and perpendicular ½/ $ ðÀ0:7; 0:7Þ mrad directions (Figs. 3 and 4) , respectively. The expression for K is ðe=2mc
2 Þðx 1 þ x 2 Þ E m cota. In our case, K is about 6; thus, radiation is more similar to from a wiggler. Therefore, we can adopt a similar analysis as in the wiggler. For example, the trajectory of a TNSF-kick electron can be considered as K decoupled sections, and each section can be approximated by an instantaneous circular motion. A critical frequency can then be determined based on the minimal radius of curvature of the trajectory q min ¼ ðmc 2 cÞ=ðeE m cos aÞ. Therefore, we have x c ¼ ð3=2Þðe=mcÞðc
2 E m cos aÞ. By changing the parameter c 0 , the spectra for electrons of different energies are presented in Fig. 5 , which shows that the incident angle and TNSF parameters are the same as in Fig. 3 . The critical frequency for the different electron energies shown in a black dashed line provides the frequency at which the radiation intensity drops to approximately half of the maximum. The radiation energy below the critical frequency is approximately 60% of the total radiation energy.
III. RADIATION OF ELECTRON BEAM
In the experiment, an electron beam instead of a single electron is used to produce bright X-ray radiation. For example, the spectrum of an electron beam with the following parameters is calculated. The total electron number is 2 Â 10 9 (i.e., 320 pC), which is uniformly distributed from 0.85 GeV to 1.15 GeV. For photon energy in the range of 0.1 MeV to 4 MeV, electrons of energy ranging from 0.2 GeV to 1.4 GeV have a notable contribution according to the expression of critical frequency x c . The beam pulse duration is 10 fs, and the beam emittance is i ¼ r i h i ¼ 1:6 Â10 À3 mm mrad (i ¼ y, z) (the normalized emittance remains p mm mrad for beams of different energies). These electron beam parameters are reasonable for the current LPAs. To calculate the radiation brightness, we can estimate the 24 where h ebeam;i and h espec;i are the divergence angles of the electron beam and spectra of a single electron, respectively. We assume the previously mentioned beam (beam emittance of 1:6 Â 10 À3 mm mrad) has a divergence angle h ebeam;z ¼ h ebeam;y ¼ 1:6 mrad and transverse size r ebeam;z ¼ r ebeam;y ¼ 1:0 lm. 13 In this approach, the transverse size of the X-ray beam is the same as that of the electron beam, r xbeam;i ¼ r ebeam;i (i ¼ y, z). The radiation angles are calculated to be h xbeam;z ¼ 2:3 mrad and h xbeam;y ¼ 1:7 mrad, which are used below for the integration solid angle. A beam transport system is needed between the LPA and foil, and it may limit the beam brightness due to the growth of emittance. 26 By putting the foil in the gas of LPA, the problem of beam transport may be avoided. But it may lead other problems. Fig. 6 shows the spectrum of an electron beam. In our TNSF kick case, the spectrum is quite broad and very slowly decreases for a higher photon energy compared with the synchrotron spectra. 7 These characteristics are mainly due to the intrinsic broad spectrum of the single electron in the TNSF-kick scheme. As shown in Fig. 5 , the spectrum of a single electron with different energies has almost the same start frequency but different peak and critical frequencies. Consequently, an electron beam with a large energy spread provides an X-ray beam with a spectrum band, whereas the critical frequency can be decided approximately by the average energy of the electron beam. The radiation spectrum of the electron beam appears similar to the case of a single electron, but with a higher intensity because of the accumulation effect of many electrons. The total number of X-ray photons (from 0.1 MeV to 4 MeV) is approximately 10 8 , which contains approximately 80% of the total radiation energy, and the peak brightness is approximately 10 22 photons/(s mm 2 mrad 2 0.1\%BW). This high peak brightness is mainly due to the small divergences in the single electron's spectrum in the TNSF kick and to the small emittance of the high-energy electron beam.
We now discuss how to obtain the same high brightness broadband radiation of photons around 1 MeV with other schemes. To obtain photons of MeV energy with an undulator, the energy required to drive an electron beam should be as high as 15 27 Here, we choose to calculate the radiation spectra of more promising Compton backscattering from an electron beam for comparison. We consider the following parameters. The laser pulse is of wavelength 810 nm, duration (FWHM) 15 fs, and peak normalized amplitude of the vector potential a ¼ 1.2. To obtain a broadband X-ray with similar spectra as in the TNSF-kick scheme, we maintain the total electron number, pulse duration, and normalized emittance constant, but the energy spread from 0.1 to 0.4 GeV (chosen according the double Doppler shift formula to obtain photons from 0.1 MeV to 4 MeV). It is shown that the total number of X-ray photons (from 0.1 MeV to 4 MeV) is approximately 2 Â 10 8 and the peak brightness is approximately 10 20 photons/(s mm 2 mrad 2 0.1\%BW). Therefore, the Compton backscattering produces more photons, but the TNSF-kick radiation beam has a peak brightness about two orders higher because of the smaller transverse phase space area. On the other hand, betatron radiation in the bubble can also produce broadband radiation with brightness of 10 23 photons/(s mm 2 mrad 2 0.1\%BW) in spectra between 20 and 150 KeV. 7 The radiation can be expanded to multi-MeV photons by using higher energy beams.
IV. DISCUSSION
In summary, we proposed a new scheme to get a broadband fs X-ray pulse source, fully utilizing the advantages of high energy and low emittance of LPA beams and its compactness. The drawbacks of the large energy spread of an LPA electron beam can be avoided. By using an electron beam with moderate charge (320 pC), high energy (expanding from 0.85 GeV to 1.15 GeV), ultrashort duration (10 fs), and low normalized emittance (pmm mrad), the TNSF kick approach can produce a 10 fs X-ray pulse with a broadband spectrum extending from 0.1 MeV to 4 MeV and peak brightness of about 10 22 photons/(s mm 2 mrad 2 0.1\%BW). Therefore, the TNSF-kick source with a broadband fs hard X-ray pulse can serve as an alternative to costly and huge synchrotron X-ray sources. According to the formula x c / c 2 , it is possible to obtain a high-brightness broadband gamma-ray of several tens MeV by using a more energetic beam (e.g., 2 GeV), with potential applications in nuclear physics such as nuclear resonance fluorescence experiments and pair production.
